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Abstract 

In  order  to  study  the  relationship  between  the  properties  of  proton  electrolyte  membranes  (PEMs),  obtained  through  standard  characterization 
methods,  and  the  direct  methanol  fuel  cell  (DMFC)  performance,  inorganic-organic  hybrid  membranes,  modified  via  in  situ  hydrolysis,  were 
used  in  a  membrane  electrolyte  assembly  (MEA)  for  DMFC  application.  The  membranes,  the  characterization  of  which  was  performed  in  the 
previous  paper  of  this  series,  were  based  on  sulfonated  poly(ether  ether  ketone)  (sPEEK)  with  a  sulfonation  degree  (SD)  of  87%  and  were 
loaded  with  different  amounts  of  zirconium  oxide  (5.0,  7.5,  10.0,  12.5  wt.%).  The  standard  characterization  methods  applied  were  impedance 
spectroscopy  (proton  conductivity),  water  uptake,  and  pervaporation  (permeability  to  methanol).  The  MEAs  were  characterized  investigating 
the  DMFC  current-voltage  polarization  curves,  constant  voltage  current  (CV,  35  mV),  and  open-circuit  voltage  (OCV).  The  fuel  cell  ohmic 
resistance  (null  phase  angle  impedance,  NPAI)  and  C02  concentration  in  the  cathode  outlet  were  also  measured.  The  characterization  results 
show  that  the  incorporation  of  the  inorganic  oxide  in  the  polymer  network  decreases  the  DMFC  current  density  for  CV  experiments,  C02 
concentration  in  the  cathode  outlet  for  both  OCV  and  CV  experiments  and,  finally,  the  maximum  power  density  output.  The  opposite  effect  was 
verified  in  terms  of  the  NPAI  (ohmic  resistance)  for  both  OCV  and  CV  experiments.  A  good  agreement  was  found  between  the  studied  DMFC 
performance  parameters  and  the  characterization  results  evaluated  by  impedance  spectroscopy,  water  uptake  and  pervaporation  experiments. 
©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Liquid  feed  direct  methanol  fuel  cells  (DMFCs)  operat¬ 
ing  at  low  temperatures  and  employing  solid  protonic  elec¬ 
trolytes  are  promising  candidates  for  portable  power  appli¬ 
cations.  DMFCs  do  not  require  fuel  processing,  allowing 
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simple  and  compact  designs.  Apart  from  that,  the  use  of 
methanol  as  fuel  for  portable  applications  has  several  ad¬ 
vantages  in  comparison  with  hydrogen.  In  order  to  be  com¬ 
petitive  within  the  portable  power  applications  market,  the 
DMFC  must  be  economical  and  capable  of  delivering  high 
power  densities  [1].  Recent  reports  demonstrated  a  relatively 
high  DMFC  performance  using  solid  polymer  electrolytes 
such  as  Nafion®  [2-7].  However,  the  use  of  perfluorinated 
membranes  as  polymer  electrolyte  increases  appreciably  the 
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cost  of  the  entire  system  [8-10].  Apart  from  the  cost  disad¬ 
vantage,  the  use  of  Nation® -like  polymer  electrolyte  leads  to 
a  significant  decrease  in  the  fuel  cell  coulombic  efficiency 
due  to  the  methanol  crossover  from  the  anode  to  the  cathode. 
Methanol  uses  cathode  Pt  sites  (reducing  the  effective  area 
of  the  cathode)  for  the  direct  reaction  between  methanol  and 
oxygen,  generating  a  mixed  potential  that  reduces  the  cell 
voltage  [11,12].  However,  these  problems  can  be  mitigated 
by  developing  new  polymers,  or  modifying  the  existing  ones, 
in  order  to  achieve  high  ionic  conductivity,  low  permeabil¬ 
ity  to  DMFC  reactants,  long-term  stability  under  operating 
conditions  and,  not  less  important,  low  cost.  Nowadays,  non- 
perfluorinated  polymers  are  being  investigated  by  different 
groups  [13-18].  Apart  from  the  possibility  of  being  directly 
applied  to  the  DMFC,  these  polymers  can  be  used  as  a  poly¬ 
meric  matrix  for  organic/inorganic  modifications,  so  that  the 
properties  of  the  final  proton  exchange  membranes  can  be 
improved  [15,16,19-21]. 

In  order  to  select  the  proper  material  for  direct  methanol 
fuel  cell  applications,  characterization  methods  play  an  im¬ 
portant  role  in  DMFC  research.  Ideally,  the  obtained  char¬ 
acteristics  of  the  specific  material  can  be  used  as  a  selection 
criterion:  they  should  allow  us  to  forecast  the  correspond¬ 
ing  DMFC  performance.  For  example,  instead  of  conduct¬ 
ing  DMFC  experiments,  the  results  of  some  characterization 
methods  can  be  used  to  estimate  the  fuel  cell  performance 
for  a  given  membrane.  At  present,  several  characterization 
methods  are  used  to  obtain  critical  parameters  for  DMFC 
application  [21]. 

The  three  main  characteristics  considered  by  the  standard 
characterization  methods  are  (Fig.  1): 

•  Proton  conductivity.  It  gives  an  estimate  of  the  H+  con¬ 
ductivity,  which  is  the  main  function  of  a  proton  exchange 
membrane.  This  property  is  usually  evaluated  with  acid 
or  water  electrolytes  (hydrated  membranes)  by  impedance 
spectroscopy  [14,15,18-30]. 

•  Membrane  permeability  to  methanol :  The  study  of  the 
methanol  mass  transport  through  DMFC  membranes  is 
very  common  due  to  its  detrimental  effect  on  the  DMFC 
performance  (reduced  coulombic  efficiency).  Even  if  not 
accounting  for  the  anode  catalytic  reaction  and  the  electro- 
osmotic  drag  mass  transfer,  the  permeability  is  usually 
evaluated  by  pervaporation  [20,21,26-28]  and  diffusion 
cell  experiments  [29-31]. 

•  Water  swelling :  It  gives  a  measure  of  the  water  solubility  in 
the  membrane.  It  is  usually  associated  to  improved  proton 
conductivity  but  also  to  an  increase  in  methanol  crossover 
and  morphological  instability.  It  is  usually  evaluated  using 
batch  experiments  in  liquid  solutions  at  room  temperature 
[14,15,19-21,27-29,32]. 

The  lack  of  a  systematic  study  that  relates  the  membrane 
properties  and  the  fuel  cell  energy  output  disables  the  val¬ 
idation  of  the  characterization  results,  in  terms  of  the  fuel 
cell  performance.  Several  DMFC  research  groups  published 
promising  data  for  new  materials  [14,15,18,20,21,26-28]. 
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Fig.  1.  Sketch  of  a  DMFC  illustrating  proton,  water  and  methanol  perme¬ 
ation  across  the  PEM  and  related  characterization  methods. 


However,  a  critical  evaluation  of  the  membrane  properties 
implications  in  the  direct  methanol  fuel  cell  performance  is 
an  important  task  to  be  done. 

In  this  paper,  we  perform  an  analysis  of  the  effect  of  the 
membrane  properties  on  the  DMFC  performance  for  tem¬ 
peratures  up  to  90  °C.  We  were  able  to  prepare  composite 
membranes  with  a  wide  variety  of  physical/chemical  prop¬ 
erties  using  a  systematic  variation  of  the  inorganic  content 
in  the  sulfonated  poly(ether  ether  ketone)  polymer  (from 
2.5  to  12.5  wt.%  of  ZrC>2)  [33].  The  incorporation  of  zirco¬ 
nium  oxide  in  this  polymer  enabled  the  preparation  of  com¬ 
posite  membranes  with  gradual  decrease  in  water  swelling, 
proton  conductivity  and  permeability  towards  methanol  and 
water  [33].  Apart  from  taking  advantage  of  the  improved 
barrier  properties  of  the  composite  membranes,  the  ZrC>2 
incorporation  enables  also  the  preparation  of  membranes 
with  improved  morphological  stability  for  DMFC  applica¬ 
tion  at  temperatures  up  to  90  °C,  although  using  sPEEK 
polymer  with  high  sulfonation  degree  (higher  proton  con¬ 
ductivity).  From  Part  I  paper  results,  the  selected  characteri¬ 
zation  methods  for  the  analysis  of  the  membrane  properties 
effects  were:  impedance  spectroscopy  (proton  conductivity 
and  proton  transport  resistance),  pervaporation  (permeabil¬ 
ity  to  methanol)  and  water  swelling.  The  proton  transport 
resistance  measures  the  specific  resistance  of  the  membrane 
with  respect  to  proton  transport  (Part  I  paper).  The  aim  of 
this  study  is  to  identify  and  study  the  main  characterization 
parameters  for  DMFC  research.  These  parameters  should  en- 
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able  the  right  selection  of  materials  for  DMFC  application 
purposes,  by  providing  a  first  estimate  of  the  corresponding 
fuel  cell  performance. 

2.  Experimental 

The  membrane  electrode  assemblies  (MEAs)  were 
prepared  by  hot  pressing  the  membrane  samples  between 
two  Etek®  ELAT  electrodes.  Supported  PtRu  (lmgcm-2 
of  30  wt.%  PtRu  (1:1)  on  carbon  with  0.7  mg  cm-2 
Nation® /PTFE)  and  Pt  (0.4  mg  cm-2  of  20  wt.%  Pt  on 
carbon  with  0.7  mg  cm-2  Nation® /PTFE)  were  used  as 
anode  and  cathode  electrodes,  respectively.  The  membranes 
were  humidified  in  water  for  1  min  and  then  pressed 
with  the  electrodes  at  100  °C  and  79  bar  for  2  min.  The 
DMFC  experimental  set-up  is  described  elsewhere  [34]. 
The  MEAs  (active  cell  area  of  25  cm2)  were  conditioned 
at  room  temperature  by  feeding  with  an  aqueous  0.25  M 
methanol  solution  (4  ml  min-1,  2.5  bar)  on  the  anode  side 
and  humidified  air  (600  seem  min-1,  3  bar,  100%  relative 
humidity)  on  the  cathode  side  for  2  h,  and  then  operated  with 
an  aqueous  1.5  M  methanol  solution  (4  ml  min-1,  2.5  bar) 
on  the  anode  side  and  humidified  air  (600  seem  min-1, 
3  bar,  100%  relative  humidity)  on  the  cathode  side.  The 
cell  temperature  was  varied  from  40  to  1 10  °C.  The  MEAs’ 
characterization  was  performed  measuring  the  DMFC 
current-voltage  polarization  curves,  constant  voltage  current 
(CV,  35  mV),  and  open-circuit  voltage  (OCV).  The  applied 
procedures  used  in  the  MEAs’  characterization  are  described 
elsewhere  [34].  The  last  two  parameters  investigated  also 
included  the  measurement  of  the  cell  impedance  (null 
phase  angle  impedance,  NPAI)  and  CO2  concentration.  The 
NPAI  and  CO2  concentration  at  the  cathode  outlet  were 
monitored  as  a  measure  of  the  MEA  ohmic  resistance  and 
methanol  crossover  during  DMFC  operation,  respectively 
[35].  In  the  present  study,  only  results  from  the  first  day  were 
investigated. 

The  sPEEK  (S.D.  =  87%)  membranes  with  zirconium 
oxide  contents  lower  than  10.0  wt.%  were  found  to  be  stable 
at  temperatures  up  to  90  °C,  despite  having  high  sulfonation 
polymer.  For  higher  ZrC>2  contents,  the  thermal  stability  was 
even  better.  Therefore,  in  agreement  with  recent  data  [19,33], 
these  results  show  effectively  that  the  zirconium  oxide  incor¬ 
poration  via  in  situ  hydrolysis  increases  the  chemical/thermal 
stability  of  the  composite  membranes.  The  thickness  of  the 
membranes  used  was  between  100  and  150  p,m  (membranes 
with  5.0,  7.5,  10.0  and  12.5  wt.%  of  ZrC>2  with  1 13,  150,  108 
and  100  p,m,  respectively).  It  is  expected  that  the  membranes 
thickness  should  influence  the  measurements  in  the  fuel 
cell  giving  a  lower  current  for  35  mV,  higher  OCV,  higher 
impedance  and  lower  methanol  permeation  for  a  thicker 
membrane.  The  hybrid  sPEEK  membrane  with  2.5  wt.%  of 
Zr02  was  not  studied  because  it  proved  to  be  instable  in 
methanol  aqueous  solutions  due  to  its  excessive  swelling 
[33]. 


3.  Results  and  discussion 

3.1.  DMFC  performance 

The  current  density-voltage  and  current  density-power 
density  plots  of  MEAs  made  from  sPEEK  composite  mem¬ 
branes  with  5.0,  7.5  and  10.0  wt.%  of  Zr02  at  different  tem¬ 
peratures  are  shown  in  Fig.  2.  The  curves  corresponding  to  the 
hybrid  membrane  with  12.5  wt.%  ZrC>2  are  not  presented  be¬ 
cause  they  could  not  be  measured  due  to  the  high  ohmic  resis¬ 
tance  of  the  corresponding  MEA.  From  Fig.  2,  it  can  be  seen 
that  the  membrane  with  5.0  wt.%  of  ZrC>2  presents  the  best 
DMFC  performance  among  all  the  studied  MEAs.  For  90  °C, 
the  5.0  wt.%  ZrC>2  composite  membrane  achieves  a  maxi¬ 
mum  power  density  output  of  16.4  mW  cm-2  for  a  current 
density  of  109.2  mA  cm-2.  In  comparison,  for  the  same  tem¬ 
perature,  the  7.5  wt.%  zirconium  oxide-modified  membrane 
achieves  an  output  value  of  8.0  mW  cm-2  for  32. 1  mA  cm-2. 
On  the  other  hand,  due  to  its  high  ohmic  resistance,  the  DMFC 
using  a  10.0  wt.%  Zr02  composite  membrane  only  provided 
a  polarization  curve  at  110°C  and  a  maximum  power  den¬ 
sity  of  2.7  mW  cm-2  was  achieved  for  a  current  density  of 
17.8  mAcm-2. 

Apart  from  measuring  the  current  density-voltage  po¬ 
larization  curves,  in  the  present  study  the  null  phase  angle 
impedance  (NPAI)  and  CO2  cathode  outlet  concentration 
were  also  evaluated  for  constant  voltage  (CV)  experiments  at 
35  mV  (Fig.  3).  It  can  be  seen  that  the  cell  current  (Fig.  3b)  and 
CO2  cathode  outlet  concentration  (Fig.  3c)  decrease  when  in¬ 
creasing  the  sPEEK  zirconium  oxide  content.  The  opposite 
effect  can  be  seen  for  the  NPAI  (Fig.  3a),  i.e.,  the  ohmic  re¬ 
sistance  of  the  MEAs  increases  with  the  amount  of  ZrC>2  in 
the  polymer  matrix.  This  means  that  hybrid  membranes  with 
higher  ZrC>2  contents  present  lower  permeability  towards  pro¬ 
tons  and  methanol,  increasing  the  MEAs  ohmic  resistance 
(NPAI)  and  reducing  both  DMFC  output  current  and  CO2 
concentration  in  the  cathode  outlet,  in  good  agreement  with 
the  characterization  data  obtained  previously  [33]. 

Analogous  results  were  found  for  open-circuit  voltage 
(OCV)  experiments  in  terms  of  NPAI  (Fig.  4a)  and  CO2 
concentration  at  the  cathode  outlet  (Fig.  4c).  However,  the 
open-circuit  potential  seems  to  show  a  maximum  value  for 
the  hybrid  membrane  with  7.5  wt.%  Zr02  (Fig.  4b).  This 
should  happen  due  to  the  direct  relationship  between  OCV 
and  the  methanol  crossover  and  membrane  ohmic  resis¬ 
tance  [11,12].  During  OCV  experiments,  the  concentration 
of  methanol  at  the  anode-membrane  interface  is  maximal 
because  no  methanol  is  being  consumed  (no  current  out¬ 
put).  Consequently,  the  methanol  crossover  is  higher  due  to 
a  larger  mass  transfer  gradient  across  the  membrane,  making 
the  detrimental  effect  of  the  methanol  crossover  more  no¬ 
ticeable  for  OCV  experiments  [36].  Thus,  the  5.0  wt.%  Zr02 
membrane  presents  lower  OCV  than  that  of  the  7.5  wt.%  be¬ 
cause  it  has  a  higher  methanol  crossover  [33].  The  OCV  in¬ 
crease  should  continue  for  higher  Zr02  contents.  However, 
the  measurements  of  the  open-cell  voltage  cannot  be  con- 
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Fig.  2.  Current-voltage  and  power  density  plots  of  the  DMFC  using  sPEEK 
composite  membranes  with:  (a)  5.0  wt.%,  (b)  7.5  wt.%  and  (c)10  wt.%  ZrC>2. 
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Fig.  3.  Null  phase  angle  impedance  (a),  current  (b)  and  CO2  concentration 
in  the  cathode  outlet  (c)  for  constant  voltage  DMFC  experiments  (35  mV) 
as  a  function  of  the  ZrC>2  content. 


ducted  without  any  cell  current  flowing.  Because  for  both  10.0 
and  12.5  wt.%  ZrC>2  hybrid  membranes,  the  ohmic  resistance 
increases  a  lot  with  the  amount  of  inorganic  incorporation,  the 
very  small  current  flowing  during  the  OCV  measurement  is 


sufficient  to  give  a  high  voltage  loss  and  consequently,  OCV 
decreases. 

In  summary,  from  the  DMFC  characterization  results  it 
can  be  observed  that  even  having  a  high  methanol  crossover 
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Fig.  4.  Null  phase  angle  impedance  (a),  current  (b)  and  CO2  concentration 
in  the  cathode  outlet  (c)  for  open-circuit  DMFC  experiments  as  a  function 
of  the  ZrC>2  content. 


Fig.  5.  DMFC  current  for  constant  voltage  experiments  (35  mV)  as  a  func¬ 
tion  of  proton  conductivity  evaluated  in  the  acid  electrolyte  cell  (25  °C). 

and,  consequently,  higher  CO2  concentration  in  the  cathode, 
the  sPEEK  inorganically  modified  membrane  with  5.0  wt.% 
ZrC>2  presents  the  best  DMFC  performance  among  the  stud¬ 
ied  membranes,  in  terms  of  output  energy,  mainly  due  to  its 
high  proton  conductivity.  However,  as  mentioned  before,  this 
membrane  turned  out  to  be  the  least  stable  one. 

3.2.  Membranes  characterization  results  versus  DMFC 
performance 

In  Fig.  5,  the  output  current  for  CV  experiments  (35  mV) 
is  plotted  as  a  function  of  the  proton  conductivity,  evaluated 
in  the  acid  electrolyte  cell  (25  °C).  It  can  be  verified  that  for 
values  lower  than  75  mS  cm- 1 ,  current  increases  slightly  with 
proton  conductivity.  In  comparison,  higher  values  of  proton 
conductivity  lead  to  a  strong  increase  in  the  DMFC  current 
output  (Fig.  5).  In  terms  of  the  null  phase  angle  impedance 
variation  as  a  function  of  the  proton  transport  resistance,  eval¬ 
uated  in  the  acid  electrolyte  cell  (Fig.  6),  it  seems  that  the 
DMFC  resistance  increases  with  the  proton  transport  resis¬ 
tance,  as  expected.  On  the  other  hand,  for  the  output  current 
plot  versus  the  membrane  proton  conductivity,  evaluated  in 
the  cell  using  water  vapour  (Fig.  7),  an  analogous  variation  as 
noticed  in  Fig.  5  is  observed  for  higher  conductivities  (strong 
current  output  increase),  although  the  effect  is  not  as  pro¬ 
nounced  as  for  the  previous  cell.  Furthermore,  for  this  cell 
the  NPAI  also  increases  with  the  proton  transport  resistance 
(Fig.  8).  In  general,  the  impedance  spectroscopy  in  acid  and 
vapour  electrolytes  seems  to  be  a  good  criterion  for  selecting 
the  right  membranes  for  DMFC  use.  It  seems  that  improved 
DMFC  performance  in  terms  of  energy  output  occurs  (cur¬ 
rent  density)  for  conductivities  above  75  and  20  mS  cm-1  in 
the  acid  and  vapour  electrolyte  cells,  respectively.  For  the 
studied  membranes,  proton  conductivities  lower  than  these 
values  lead  to  poor  DMFC  performance. 

In  the  particular  case  of  the  water  uptake  characteriza¬ 
tion  method,  Fig.  9  demonstrates  that  the  electric  current, 
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Fig.  6.  DMFC  null  phase  angle  impedance  for  constant  voltage  experiments 
(35  mV)  as  a  function  of  proton  transport  resistance  evaluated  in  the  acid 
electrolyte  cell  (25  °C). 

for  experiments  performed  at  35  mV,  increases  almost  lin¬ 
early  with  the  water  uptake  (room  temperature),  showing  that 
this  characterization  method  is  well  related  with  such  DMFC 
output.  In  contrast,  the  DMFC  ohmic  resistance  seems  to  vary 
in  a  distinct  way  with  the  proton  exchange  membranes’  water 
uptake  (Fig.  9).  Low  values  for  the  membrane  water  uptake 
result  in  a  strong  increase  in  the  NPAI  while  higher  amounts 
of  sorbed  water  seem  to  affect  slightly  the  ohmic  resistance. 

The  carbon  dioxide  concentration  at  the  cathode  outlet 
was  monitored  as  a  measure  of  the  methanol  loss  through 
the  membrane  during  the  fuel  cell  operation.  Assuming  that 
all  methanol  transferred  to  the  cathode  is  oxidized  to  CO2, 
the  amount  of  methanol  permeation  can  be  calculated.  This 
procedure  neglects  the  unreacted  methanol  in  the  cathode 
(especially  for  lower  temperatures)  and  the  CO2  permeation 
through  the  membrane.  The  unreacted  methanol  in  the  cath¬ 


Fig.  7.  DMFC  current  for  constant  voltage  experiments  (35  mV)  as  a  func¬ 
tion  of  proton  conductivity  evaluated  in  the  vapour  cell  (50,  70  and  90  °C). 


Fig.  8.  DMFC  null  phase  angle  impedance  for  constant  voltage  experiments 
(35  mV)  as  a  function  of  proton  transport  resistance  evaluated  in  the  vapour 
cell  (50,  70  and  90  °C). 

ode  outlet  would  mean  that  the  methanol  permeation  value 
calculated  from  the  CO2  content  would  be  too  low.  In  con¬ 
trast,  the  CO2  permeation  from  the  anode  to  the  cathode 
would  mean  higher  concentrations  of  CO2  at  the  cathode 
outlet  and,  therefore,  the  calculated  methanol  permeation 
value  would  be  too  high.  Even  considering  different  mem¬ 
branes  and  using  the  same  electrodes  and  the  same  operat¬ 
ing  conditions,  the  relative  methanol  permeation  calculated 
from  the  CO2  content  in  the  cathode  outlet  can  be  used  for 
comparison. 

Good  agreement  is  found  between  the  CO2  concentration 
in  the  cathode  outlet  and  the  water  uptake  (Fig.  10).  The 
global  analysis  of  these  results  shows  the  important  role  that 
sorbed  water  in  the  membrane  plays  in  DMFC  performance. 
It  seems  that  sorbed  water  improves  the  DMFC  energy  output 
because  it  increases  the  membrane  conductivity  by  assisting 


Fig.  9.  DMFC  current  density  and  null  phase  angle  impedance  for  constant 
voltage  experiments  (35  mV)  as  a  function  of  water  uptake  evaluated  by 
batch  experiments  (room  temperature). 
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anode  that  the  concentration  gradient  from  anode  to  cathode 
and  hence  the  methanol  permeation  are  lower.  In  general,  it 
can  be  assumed  that  even  without  accounting  for  the  anode 
catalytic  reaction  and  the  electro-osmotic  drag  mass  trans¬ 
fer,  the  permeability  coefficients  evaluated  by  pervaporation 
experiments  are  in  good  agreement  with  methanol  crossover 
(Fig.  11). 

As  a  whole,  from  the  present  study,  it  can  be  seen  that  char¬ 
acterization  methods  such  as  impedance  spectroscopy,  water 
uptake  and  pervaporation  experiments  can  be  used  effectively 
for  selecting  the  appropriate  materials  for  DMFC  application 
purposes  and  for  estimating  the  fuel  cell  performance. 

4.  Conclusions 


Fig.  10.  Carbon  dioxide  concentration  (%)  in  the  cathode  outlet  for  constant 
voltage  experiments  (35  mV)  as  a  function  of  water  uptake  evaluated  by 
batch  experiments  (room  temperature). 


the  proton  transfer  in  the  polymer-hydrated  micro  structure 
[16].  However,  it  leads  also  to  increased  methanol  crossover 
and,  consequently,  lower  total  efficiency  with  increased  fuel 
loss  and  cathode  depolarization  [35-37]. 

Finally,  in  terms  of  the  membrane  permeability  towards 
methanol,  obtained  by  pervaporation  experiments  at  55  °C, 
it  can  be  seen  that  it  is  in  agreement  with  the  CO2  concen¬ 
tration  in  the  cathode  outlet  (Fig.  11).  For  the  lowest  temper¬ 
ature  (50  °C),  it  seems  that  the  CO2  concentration  increases 
almost  linearly  with  the  methanol  permeability  coefficient. 
In  contrast,  for  both  70  and  90  °C,  the  values  for  the  highest 
methanol  permeation  are  not  as  high  as  expected  for  a  lin¬ 
ear  curve.  This  could  mean  that  either  the  methanol  transfer 
through  the  membrane  is  so  high  that  it  cannot  be  completely 
converted  to  CO2,  or  so  much  methanol  is  consumed  in  the 


methanol 


Barrer 


Fig.  11.  Carbon  dioxide  concentration  (%)  in  the  cathode  outlet  for  con¬ 
stant  voltage  experiments  (35  mV)  as  a  function  of  methanol  permeability 
coefficient  evaluated  by  pervaporation  experiments  (55  °C). 


In  order  to  perform  a  critical  analysis  of  the  relationship 
between  the  results  obtained  from  characterization  meth¬ 
ods  and  DMFC  performance  of  a  given  electrolyte  mem¬ 
brane,  several  hybrid  membranes  based  on  sPEEK  polymer 
(S.D.  =  87%)  with  different  contents  of  zirconium  oxide 
(5.0,  7.5,  10,  12.5  wt.%)  were  evaluated  in  a  DMFC  bench 
test.  The  selected  characterization  methods  for  the  analy¬ 
sis  were  impedance  spectroscopy  (proton  conductivity),  per¬ 
vaporation  (permeability  to  methanol)  and  water  swelling. 
The  DMFC  characterization  consisted  in  investigating  the 
current-voltage  polarization  curves,  constant  voltage  current 
(CV,  35  mV),  and  open-circuit  voltage  (OCV). 

The  results  showed  that  increasing  the  zirconium  oxide 
content  in  the  sPEEK  composite  membranes  leads  to  a  de¬ 
crease  in  the  DMFC  current  density  for  CV  experiments, 
CO2  concentration  at  the  cathode  exhaust  for  both  OCV  and 
CV  experiments  and,  finally,  maximum  power  density  out¬ 
put.  The  opposite  effect  was  verified  in  terms  of  the  NPAI 
(ohmic  resistance).  Bench  test  results  showed  also  that  the 
sPEEK-based  hybrid  membrane  with  7.5  wt.%  Zr02  presents 
the  highest  open-circuit  potential  due  to  its  better  ratio  be¬ 
tween  methanol  crossover  and  ohmic  resistance  in  compar¬ 
ison  with  the  other  studied  membranes.  With  respect  to  the 
validation  of  the  characterization  methods,  results  showed 
a  co-current  variation  between  proton  conductivity,  evalu¬ 
ated  by  impedance  spectroscopy  (acid  electrolyte  and  water 
vapour  cells),  and  DMFC  output  current  density.  The  same 
behavior  was  observed  regarding  the  proton  transport  resis¬ 
tance,  evaluated  in  characterization  cells,  and  the  DMFC  null 
phase  angle  impedance  for  CV  experiments.  A  strong  in¬ 
crease  of  the  output  current  density  for  conductivities  higher 
than  75  and  20mScm_1  was  found  in  the  acid  electrolyte 
and  vapour  cells,  respectively.  On  the  other  hand,  an  al¬ 
most  linear  variation  was  detected  between  the  water  uptake 
and  the  DMFC  output  current  density  for  CV  experiments. 
The  fuel  cell  ohmic  resistance  seems  to  increase  strongly 
for  membranes  with  low  water  uptake,  while  it  is  almost 
independent  for  higher  values  of  this  property.  Finally,  our 
results  showed  a  good  agreement  between  the  membranes’ 
methanol  permeability  coefficients  obtained  by  pervapora- 
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tion  experiments  and  the  CO2  concentration  in  the  cathode 
outlet. 

The  present  publication  shows  that  characterization  re¬ 
sults  obtained  by  impedance  spectroscopy,  water  uptake  and 
pervaporation  experiments  can  be  used  as  critical  parameters 
for  the  selection  of  proton  electrolyte  membranes  for  DMFC 
application  purposes. 


Acknowledgements 

Financial  support  by  the  HGF- Vernetzungsfonds  is  grate¬ 
fully  acknowledged.  The  work  of  Vasco  Silva  and  Hugo  Silva 
was  supported  by  FCT  (Grants  SFRH/BD/68 18/2001  and 
SFRH/3029/2000,  respectively).  Vasco  Silva  would  also  like 
to  acknowledge  both  FCT  and  GKSS  for  the  grant  assigned 
for  his  stay  at  GKSS  Forschungszentrum  GmbH.  The  present 
work  was  partially  supported  by  FCT/FEDER  projects 
POCTI/EQU/3  8075/2001  and  POCTI/EQU/45 225/2002. 


References 

[1]  A.S.  Arico,  S.  Srinivasan,  V.  Antonucci,  DMFCs:  from  funda¬ 
mental  aspects  to  technology  development,  Fuel  Cells  1  (2001) 
133. 

[2]  C.  Lamy,  J.M.  Leger,  S.  Srinivasan,  Direct  methanol  fuel  cells: 
from  a  twentieth  century  electrochemist’  dream  to  a  twenty-first  cen¬ 
tury  emerging  technology,  in:  J.O’M.  Bockris,  B.E.  Conway,  R.E. 
White  (Eds.),  Modern  Aspects  of  Electrochemistry,  vol.  34,  Kluwer 
Academic  Publishers/Plenum  Press,  Dordrecht/New  York,  2001, 
p.  33. 

[3]  X.  Ren,  M.S.  Wilsonand,  S.  Gottesfeld,  High  performance  direct 
methanol  polymer  electrolyte  fuel  cells,  J.  Electrochem.  Soc.  143 
(1996)  12. 

[4]  P.  Argyropoulos,  K.  Scott,  W.M.  Taama,  One-dimensional  thermal 
model  for  direct  methanol  fuel  cell  stacks.  Part  II.  Model  based  para¬ 
metric  analysis  and  predicted  temperature  profiles,  J.  Power  Sources 
79  (1999)  184. 

[6]  F.R.  Kalhammer,  PR.  Prokopius,  V.P.  Voecks,  Status  and  Prospects 
of  Fuel  Cells  as  Automobile  Engines,  State  of  California  Air  Re¬ 
sources  Board,  California,  1998. 

[7]  E.S.  Steigerwalt,  G.A.  Deluga,  D.E.  Cliffel,  C.M.  Lukehart,  A 
Pt-Ru/graphitic  carbon  nanofiber  nanocomposite  exhibiting  high  rel¬ 
ative  performance  as  a  direct-methanol  fuel  cell  anode  catalyst,  J. 
Phys.  Chem.  B  105  (2001)  8097. 

[8]  C.  Yang,  S.  Srinivasan,  A.S.  Arico,  P.  Creti,  V.  Baglio,  V.  An¬ 
tonucci,  Composite  nahon/zirconium  phosphate  membranes  for  di¬ 
rect  methanol  fuel  cell  operation  at  high  temperature,  Electrochem. 
Solid  State  Lett.  4  (2001)  31. 

[9]  B.D.  McNicol,  D.A.J.  Rand,  K.R.  Williams,  Direct  methanol-air 
fuel  cells  for  road  transportation,  J.  Power  Sources  83  (1999) 
15. 

[10]  S.  Wasmus,  A.  Kluver,  Methanol  oxidation  and  direct  methanol 
fuel  cells:  a  selective  review,  J.  Elecroanal.  Chem.  461  (1999) 
150. 

[11]  J.-T.  Wang,  S.  Wasmus,  R.F.  Savinell,  Real-time  mass  spectrometric 
study  of  the  methanol  crossover  in  a  direct  methanol  fuel  cell,  J. 
Electrochem.  Soc.  143  (1996)  1239. 

[12]  K.  Kordesch,  G.  Simader,  Fuel  Cells  and  their  Applications,  VCH, 
Weinheim,  1996. 


[13]  B.  Bauer,  D.J.  Jones,  J.  Roziere,  L.  Tchicaya,  G.  Alberti,  M.  Casci- 
ola,  I.  Massinelli,  A.  Peraio,  S.  Besse,  E.  Ramunni,  Electrochemical 
characterisation  of  sulfonated  polyetherketone  membranes,  J.  New 
Mater.  Electrochem.  Syst.  3  (2000)  93. 

[14]  S.M.J.  Zaidi,  S.D.  Mikailenko,  G.P.  Robertson,  M.D.  Guiver,  S. 
Kaliaguine,  Proton  conducting  composite  membranes  for  polyether 
ether  ketone  and  heteropolyacids  for  fuel  cell  applications,  J.  Membr. 
Sci.  173  (2000)  17. 

[15]  S.D.  Mikhailenko,  S.M.J.  Zaidi,  S.  Kaliaguine,  Sulfonated  polyether 
ether  ketone  composite  polymer  electrolyte  membranes,  Catal.  Today 
67  (2001)  225. 

[16]  K.A.  Kreuer,  On  the  development  of  proton  conducting  polymer 
membranes  for  hydrogen  and  methanol  fuel  cells,  J.  Membr.  Sci. 
185  (2001)  3. 

[17]  J.  Kerres,  W.  Zhang,  L.  Jorissen,  V.  Gogel,  Application  of  differ¬ 
ent  types  of  polyaryl-blend-membranes  in  DMFC,  J.  New  Mater. 
Electrochem.  Syst.  5  (2002)  97. 

[18]  G.  Alberti,  M.  Casciola,  L.  Massinelli,  B.  Bauer,  Polymeric  pro¬ 
ton  conducting  membranes  for  medium  temperature  fuel  cells 
(1 10-160  °C),  J.  Membr.  Sci.  185  (2001)  73. 

[19]  V.  Silva,  B.  Ruffmann,  H.  Silva,  A.  Mendes,  M.  Madeira,  S.  Nunes, 
Zirconium  oxide  modified  sulfonated  poly(ether  ether  ketone)  mem¬ 
branes  for  direct  methanol  fuel  cell  applications,  Mater.  Sci.  Forum 
455-456  (2004)  587. 

[20]  M.L.  Ponce,  L.  Prado,  B.  Ruffmann,  K.  Richau,  R.  Mohr,  S.P. 
Nunes,  Reduction  of  methanol  permeability  in  polyetherketone- 
heteropolyacid  membranes,  J.  Membr.  Sci.  217  (2003)  5. 

[21]  C.  Manea,  M.  Mulder,  Characterization  of  polymer  blends 
of  polyethersulfone/sulfonated  poly  sulf one  and  polyethersul- 
fone/sulfonated  polyetheretherketone  for  direct  methanol  fuel  cell 
applications,  J.  Membr.  Sci.  206  (2002)  443. 

[22]  J.  Kerres,  A.  Ulrich,  F.  Meier,  T.  Haring,  Synthesis  and  characteriza¬ 
tion  of  novel  acid-base  polymer  blends  for  application  in  membrane 
fuel  cells,  Solid  State  Ionics  125  (1999)  243. 

[23]  J.  Kerres,  W.  Cui,  R.  Disson,  W.  Neubrand,  Development  and  char¬ 
acterization  of  crosslinked  ionomer  membranes  based  upon  sulfi- 
nated  and  sulfonated  PSU  crosslinked  PSU  blend  membranes  by 
disproportionation  of  sulhnic  acid  groups,  J.  Membr.  Sci.  139  (1998) 
211. 

[24]  J.  Benavente,  J.M.  Garcia,  R.  Riley,  A.E.  Lozano,  J.  de  Abajo,  Sul¬ 
fonated  poly  (ether  ether  sulfones):  characterization  and  study  of  di¬ 
electrical  properties  by  impedance  spectroscopy,  J.  Membr.  Sci.  175 
(2000)  43. 

[25]  J.  Kerres,  A.  Ulrich,  Th.  Haring,  M.  Baldauf,  U.  Gebhardt,  W.  Prei- 
del,  Preparation,  characterization,  and  fuel  cell  application  of  new 
acid-base  blend  membranes,  J.  New  Mater.  Electrochem.  Syst.  3 
(2000)  129. 

[26]  S.P.  Nunes,  B.  Ruffmann,  E.  Rikowsky,  S.  Vetter,  K.  Richau,  In¬ 
organic  modification  of  proton  conductive  polymer  membranes  for 
direct  methanol  fuel  cells,  J.  Membr.  Sci.  203  (2002)  215. 

[27]  B.  Ruffmann,  H.  Silva,  B.  Schulte,  S.  Nunes,  Organic/inorganic 
composite  membranes  for  application  in  DMFC,  Solid  State  Ionics 
162-163  (2003)  269. 

[28]  P.  Dimitrova,  K.A.  Friedrich,  B.  Vogt,  U.  Stimming,  Transport  prop¬ 
erties  of  ionomers  composite  membranes  for  direct  methanol  fuel 
cells,  J.  Electroanal.  Chem.  532  (2002)  75. 

[29]  L.  Li,  J.  Zhang,  Y.  Wang,  Sulfonated  poly(ether  ether  ketone)  mem¬ 
branes  for  direct  methanol  fuel  cell,  J.  Membr.  Sci.  226  (2003) 
159. 

[30]  L.  Li,  L.  Xu,  Y.X.  Wang,  Novel  proton  conducting  composite  mem¬ 
branes  for  direct  methanol  fuel  cell,  Mater.  Lett.  57  (2003)  1406. 

[31]  L.  Li,  L.  Xu,  Y.X.  Wang,  A  hybrid  membrane  of  poly(vinyl  alcohol) 
and  phosphotungstic  acid  fuel  cells,  Chin.  J.  Chem.  Eng.  10  (2002) 
614. 

[32]  M.C.  Wijers,  Supported  liquid  membranes  for  removal  of  heavy 
metals,  Ph.D.  Dissertation,  University  of  Twente,  The  Netherlands, 
1996. 


V.S.  Silva  et  al.  /  Journal  of  Power  Sources  140  (2005)  41-49 


49 


[33]  V.  Silva,  B.  Ruffmann,  H.  Silva,  Y.  Alvarez,  A.  Mendes,  L.  M. 
Madeira,  S.  Nunes,  Proton  electrolyte  membrane  properties  and 
the  direct  methanol  fuel  cell  performance.  I.  Hybrid  sulfonated 
poly  (ether  ether  ketone)/zirconium  oxide  membranes  characteriza¬ 
tion,  J.  Power  Sources,  140  (2005)  34. 

[34]  E.  Gulzow,  T.  Kaz,  R.  Reissner,  H.  Sander,  L.  Schilling,  M.V. 
Bradke,  Study  of  membrane  electrode  assemblies  for  direct  methanol 
fuel  cells,  J.  Power  Sources  105  (2002)  261. 


[35]  Z.  Qi,  A.  Kaufman,  Open  circuit  voltage  and  methanol  crossover  in 
DMFCs,  J.  Power  Sources  110  (2002)  177. 

[36]  B.  Gurau,  E.S.  Smotkin,  Methanol  crossover  in  direct  methanol  fuel 
cells:  a  link  between  power  and  energy  density,  J.  Power  Sources 
112  (2002)  339. 

[37]  A.  Kuver,  I.  Vogel,  W.  Vielstich,  Distinct  performance  evaluation  of 
a  direct  methanol  SPE  fuel  cell:  a  new  method  using  a  dynamic 
hydrogen  reference  electrode,  J.  Power  Sources  52  (1994)  77. 


